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"By the time the last series of measurements was being made under the arsenal contract, however, skill in making the measurements had so increased, and probably also the homogeneity of the material of the specimens had also increased because of care in preparation, that it was possible to establish a definite effect of pressure on the strain hardening curve". /14/ For example, Bridgman's tests found that the flow stress for tempered pearlite at a strain of 2.75 increased from 1758 MPa (255 ksi) at atmospheric pressure to 2171 MPa (315 ksi) when pressurized to approximately 2482 MPa (360 ksi). Therefore, Bridgman clearly demonstrated in his later work a definite external hydrostatic pressure effect on yielding.
In the I970's and early 1980's Spitzig, Richmond, and Sober /15,16,17,18/ also conducted experiments to study the effects of hydrostatic pressure on yield strength for four steels (4310, 4330, maraging steel, and HY80) and grade 1100 aluminum. They conducted compression and tension tests on smooth specimens in a Harwood hydrostatic-pressure unit at pressures up to 1100 MPa (160 ksi).
Spitzig, et al. found that hydrostatic pressure had a significant effect on the stress-strain response of the steels. For example, the compressive yield strength of the 4330 steel increased from 1520 to 1610 MPa (220 to 234 ksi) as pressure was increased to 1100 MPa (160 ksi), and for the aged maraging steel, the compressive yield strength increased from 1810 to 1890 MPa (263 to 274 ksi) as pressure was increased to 1100 MPa (160 ksi).
Spitzig et al. also found that the yield strength was a linear function of hydrostatic pressure as shown in Figure 1 . Spitzig proposed that for metals the yielding process is described by the yield function where J 2 is the second deviatoric stress invariant, d is the modified yield strength in absence of mean stress and α is a material constant related to the theoretical cohesive strength of the material, a c . Equation (2) is identical to the yield function originally proposed by Drucker and Prager /19/ to solve soil mechanics problems. As illustrated in Figure 1 , the material constant a is determined graphically as the slope of the graph of σ^/ versus /1 and can be written in terms of the tensile and compressive yield strengths as Table 1 .
Another interesting result that emerged from Spitzig's tests was a strong correlation between the coefficients a and d. He found that the ratio of aid was nearly constant for most of the steels as listed in Table   1 . Spitzig also suggested that the ratio aid is a property of the bulk iron lattice in a manner similar to the elastic constants Young's modulus, £, and Poisson's ratio, v.
polyethylene and amorphous polycarbonate. These tests were performed to see if the plasticity theories developed for metals were compatible with other materials. They found that hydrostatic pressure had a significant effect on the stress-strain response of the polymers and that the effective stress was a linear function of hydrostatic pressure. In other words, Richmond established that the polymers' plastic response could be described by the same plasticity theories that he developed for metals. Therefore, the fact that soils. The axis of the cone is the hydrostatic pressure axis, and the apex of the cone is located at a hydrostatic stress equal to the cohesive strength. The yield surface for an actual material probably does not come to a sharp apex as the linear Drucker-Prager model predicts. The sharp point of the cone could cause numerical difficulty in calculating derivatives for flow calculations, and, therefore, the finite element code ABAQUS provides hyperbolic and exponential Drucker-Prager constitutive models that round off the closed end of the cone /5/. For small amounts of hydrostatic stress, the cylinder of the von Mises yield criterion can approximate the cone. As the hydrostatic stress increases, the deviation from the cylinder can be considerable, and the Drucker-Prager yield surface is preferable. Because of its hydrostatic dependency, the
Drucker-Prager yield criterion should result in more accurate modeling of geometries that have a high hydrostatic stress influence such as cracks and notches.
RESEARCH PROGRAM

Inconel 100 Testing
NASA MSFC and Pratt and Whitney provided a limited amount of IN 100 in the form of two small ring forgings. These two rings were machined to obtain 8 smooth tensile and 24 smooth compression specimens.
Because a limited amount of material was available for machining into test specimens, NASA I2\l and Pratt and Whitney 1221 test data was used for the double-edge notch tension (DENT) and equal-arm bend analyses, respectively. Also, no specific tests were performed to determine the elastic constants Ε and κ Instead, Ε was estimated from the smooth tensile test data, and a value for ν of 0.30 was obtained from the Aerospace Structural Metals Handbook /23/. The details of the IN 100 tests are presented below.
Smooth tensile tests. Four 6.35 mm (0.25 in.) diameter tensile specimens were machined from each of the two rings. Gage displacement was measured using a MTS 634-31E-24 adjustable gage length extensometer, set to a 12.7 mm (0.5 in.) gage length. All smooth uniaxial tension tests were performed in accordance with ASTM E8 /24/. A summary of the tensile data is given in Table 2 . Three smooth compression cylinders, 28.56mm (1.125 in.) long by 9.53mm (0.375 in.) diameter, from each ring were tested. Gage displacement was measured using a MTS 632.26E-21 extensometer with a 7.62 mm (0.3 in.) gage length. All smooth uniaxial compression tests were performed in accordance with ASTM E9 /25/. The test apparatus was qualified per E9 without using lubrication between the specimens and the compression platens, and therefore all of the specimens were tested without lubricated ends. All of the tests were interrupted at 0.025 to 0.030 true strain to prevent damage to the extensometer.
The deformed compression specimens showed evidence of side-slip buckling, which usually is a result of misalignment of the loading train or loose end tolerance on specimen dimensions 1261. Side-slip buckling tends to lower the true stress-true strain curve and may have contributed to some test data scatter. Table 3 gives a summary of the compression data. A comparison of representative compression and tensile true stress-true strain curves is given in Figure 3 .
The compressive and tensile behaviors are very similar. Young's modulus is approximately 2.5% higher for the compression tests, but the upper and 0.2% offset yield strengths are approximately the same.
It was originally postulated that the Drucker-Prager material constant, a, could be calculated using Inputs" for more detail on the selection of a.) into Equation (4) results in a a y .«. that is 4% higher that cfj". Therefore, if the IN 100 compression cylinders were tested with lubrication on the ends, it is possible that the compressive load-displacement test record would shift upward. This shift would produce a differential between the compressive and tensile yield strengths and allow a to be calculated using Equation (3).
Double-edge notch tension tests.
Load-displacement test data was obtained from NASA /21/ for the double-edge notch tension specimen. An engineering drawing of the DENT specimen is given in Figure 4 .
Gage displacement was measured using a 12.7 mm (0.5 in.) gage length extensometer.
Equal-arm bend three-cycle proof test. Pratt and Whitney provided IN 100 LCF data 1221 for a unique
test specimen, the equal-arm bend specimen /29/. An engineering drawing of the equal-arm bend specimen is given in Figure 5 . This specimen was designed to simulate the geometry and loading condition of a highly stressed area in the Space Shuttle main engine fuel turbopump housing.
A three-cycle proof test was performed on the equal-arm bend specimen. The specimen was pin loaded. A strain gage was bonded in the fillet, and the test was run in load control to achieve approximate strain levels.
Fig. 4: Engineering Drawing of the DENT Specimen (Dimensions in mm).
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Fig. 5: Engineering Drawing of the Equal Arm Bend Specimen (Dimensions in mm).
On the first cycle, the specimen was loaded to 3% strain and then unloaded to 1.3% strain. The second cycle reloaded the specimen back to 3% strain and then unloaded to 1.3% strain. The third cycle was a repeat of the second cycle. The proof test was performed at 27° C (80° F) in air. Also, because the test was run in load control, there was some variance in the maximum and minimum strain values achieved for each cycle.
Finite Element Modeling
Several finite element models were created for this research. The Sandia National Laboratory program FASTQ /30/ was used for preprocessing of meshes and boundary conditions for the smooth tensile and smooth compression geometries. The commercial finite element code Patran /31 / was used for the generation of the meshes and boundary conditions for the DENT and equal-arm bend geometries. ABAQUS 151 was used for the finite element analyses and postprocessing the results. Full integration was used, and all of the FEM's were loaded in displacement control. Details of the finite element models are given by Allen /12,I3/.
For all the geometries modeled, convergence studies were performed to determine the variation of effective stress, a c/l , mean stress, σ,", radial stress, a rr , (or the stress in the x-direction, σ νν ) and equivalent plastic strain, across the neck or notch region at failure or maximum load for the three mesh densities requires a value for the Drucker-Prager material constant, a. In addition, a value for the combined hardening parameter, β, is required for equal-arm bend low-cycle proof test model.
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RESULTS AND CONCLUSIONS
Inconel 100 Material Property Inputs
The tensile IN 100 material properties were obtained from the uniaxial tension tests and from the Aerospace Structural Metals Handbook 1231. The value for Poisson's ratio was 0.30, and the Drucker-Prager constant, a, was zero for von Mises plasticity. For Drucker-Prager plasticity, an iterative process using all of the FEM's was used to estimate a value for a of 0.022. In other words, a value of a was chosen to provide a reasonable match between the finite element simulations and the test data. A hardening parameter, β, of zero was chosen for all equal-arm bend FEM's to best match the first cycle hysteresis loop. The upper yield point was neglected in picking points for this portion of the table. After the σ-ε ρΙ curve rolls over, the test record no longer represents a uniaxial stress strain response due to necking of the test specimen. Therefore to generate the rest of the table, a straight line was fit between the last two points before the σ-ε ρΙ curve starts rolling over, and this line was projected out to a plastic strain of 1.0 to complete the data table. 
CONCLUSIONS
The following conclusions from this study of hydrostatic stress effects in yield behavior of IN 100 are offered.
I. Using a yield function that is dependent on hydrostatic stress can significantly alter the predicted specimen response. 
